Chemical straightening, also known as a relaxer, is ubiquitously used among African American women to obtain straighter hair compared with their natural tresses. This study focused on the stability of drugs of abuse in hair after a single application of the relaxer. Commercially available 'Lye' or 'No-Lye' chemical straightening products (Silk Elements TM ) were applied in vitro to drug-fortified hair (standard reference materials (SRM) 2379 and 2380) and hairs clipped from established drug users. Target analytes (cocaine (COC), benzoylecgonine (BZE), cocaethylene (CE), phencyclidine and tetrahydrocannabinol) were isolated using solid-phase extraction and then analyzed with isotope dilution gas chromatography -mass spectrometry with selective ion monitoring. After either treatment, drug concentrations were significantly (P < 0.05) decreased in both the SRM sample and the hair from authentic abusers. In the SRM groups, 6-67% of the original concentration remained after a single chemical treatment. Similarly, only 5-30% of the original concentration remained in authentic drug hairs that had formerly tested positive for COC, BZE and CE.
Introduction
Hair testing has become a popular method to determine illicit drug use. Compared with other techniques such as urine or blood analysis, hair analysis offers a larger window of detection and can help distinguish between sporadic and chronic use (1) . However, factors such as cosmetic treatments can lead to false-negative or false-positive results. Previous reports have shown that common cosmetic treatments like shampooing (2, 3) , permanent waving (4 -6), dyeing (7) and bleaching (4, 8) can alter the stability of different classes of drugs in the hair. Welch et al. (2) reported that repetitive treatment (up to 30) with either 15% hydrogen peroxide, shampoo, 0.15% saline or 3% peroxide can decrease the amount of cocaine (COC) detected in drug abusers hair to 20 -40% of the original COC content. Po¨tsch and Skopp (6) demonstrated a sharp decline in opiate concentration in the hair after both permanent waving (20 -30% remaining) and bleaching (2 -18% remaining) (6) . In a similar study conducted by Baeck et al. (7) , both amphetamine and methamphetamine concentrations decreased after repeated shampooing and after a single dyeing treatment. While there have been studies that have demonstrated that it may be possible to evade drug detection by lowering the concentration beneath the Society of Hair Testing (SoHT) cutoff levels in hair with single and repeated cosmetic treatments, to the best of the authors' knowledge, there have not been any studies that explore the influence of chemical straightening on the stability to drugs and their metabolites in hair.
Chemical straightening, using what is known as a relaxer, is a commonly employed technique by African American women to permanently convert tightly coiled or course hair to straighter hair. In fact, it has been reported that close to two-thirds of that population have used or are currently using this process to obtain straighter, more manageable hair (9) . Relaxers consist of three main components: an alkaline agent, an oil phase and a water phase. The alkaline agent can either be sodium, lithium, or potassium hydroxide (Lye Relaxer), or guanidine hydroxide (No-Lye Relaxer). Typically, the 'No-Lye' relaxer involves mixing solutions of calcium hydroxide and guanidine carbonate to create the active ingredient guanidine hydroxide. During the relaxing process, the high pH (12 -14) cream causes the hair to swell and the cuticle to open. The alkaline reagent can then penetrate the shaft and deposit into the cortex. The presence of the hydroxyl groups ruptures the disulfide bonds in the hairs keratin protein. This breakage causes an extension of the hair shaft. After application of the relaxer, a neutralizing (slightly acidic) shampoo is used to close the cuticle and to lock in the new configuration of the hair fiber through the formation of cross-links (10) .
The purpose of this study was to explore if there would be an effect on the stability of drugs of abuse from the commonly used chemical straightening process, a relaxer. It is presumable that such a basic treatment may lead to either false-negative or falsepositive results in forensic or workplace drug testing.
Experimental

Reagents and sample preparation equipment
All reagents were of analytical grade. D 9 -Tetrahydrocannabinol (THC) (1 mg/mL in methanol), (2)-D 9 -THC-d 3 (100 mg/mL in methanol), phencyclidine-d 5 (100 mg/mL methanol) (PCP-d 5 ), cocaethylene-d 3 (CE-d 3 ) (100 mg/mL in acetonitrile), benzoylecgonine-d 3 (BZE-d 3 ) (100 mg/mL in methanol) and cocaine-d 3 (COC-d 3 ) (100 mg/mL in acetonitrile) were purchased from Cerilliant (Austin, TX, USA). Phencyclidine (PCP), COC and cocaethylene (CE) (100 mg/mL in acetonitrile) standards were purchased from Sigma Chemical Company (St Louis, MO, USA). BZE was purchased from Technan, Inc. (Park Forest South, IL, USA). The solid-phase extraction (SPE) was carried out using Bond Elut Certify TM cartridges (10 cm 3 /130 mg; LRC column type). 'Lye' and 'No-Lye' relaxers (Silk Elements TM ) as well as a neutralizing shampoo (Silk Elements TM ) were purchased from a local beauty supply shop (Gaithersburg, MD, USA).
Hair samples
Drug-fortified hair segments [standard reference material (SRM) 2379 and 2380] were obtained from the National Institute of Standards and Technology (NIST). Both SRMs were stored at 48C prior to use. SRM 2379 contains certified quantities of illicit drugs and metabolites, which include, but are not limited to, COC, BZE, CE and PCP. The certified values are (7.45 + 0.40), (4.01 + 0.31), (2.67 + 0.24) and (6.24 + 0.42) ng/mg, respectively. SRM 2380 contains, but is not limited to, THC. The certified value of THC is (0.99 + 0.10) ng/mg. For each set of experiments (control, 15 min Lye treatment, 15 min No-Lye treatment), a single vial of the SRM was aliquoted and used per set of data collected.
Additionally, hair that was previously collected from confirmed drug users during a round-robin study conducted by NIST was also tested to determine if results seen in drug-fortified hair would be similar. The hairs from the study tested positive for COC, BZE and CE during the round-robin study. Prior to use, the hairs were stored in sealed plastic bags.
Standard solutions
Unlabeled standard solutions were prepared by accurately weighing the standard in aluminum weigh boats, transferred to volumetric flasks and dissolved in acetonitrile to generate concentrations of 1 ng/mg. Duplicate standard solutions of the unlabeled analytes were prepared by weighing known quantities of the neat analytes and dissolving them in acetonitrile. Labeled standard solutions were made by suspending one ampoule (100 mg/mL) in enough solvent to generate concentrations of 1 ng/mg. For all of analytes, standard mixtures of unlabeledlabeled analytes were prepared (0.3:1 to 1.3:1) and used to generate a calibration curve.
In vitro chemical straightening process Hair segments were placed in 5 cm diameter glass dishes and treated with one of the relaxers for 15 min (as per the instructions). After that time period, the hairs coated with the relaxer were placed on 15 Â 15 cm mesh wire gauze and rinsed with deionized water to remove the relaxer. The hair was then washed with the neutralizing shampoo and again rinsed with deionized water. The neutralizing shampoo is necessary to return the pH of the hair to 4 -5 range after the chemical treatment and to prevent structural damage from over processing. The hair was allowed to dry overnight at room temperature exposed to ambient light. This process was repeated on five different sets of hair segments for both the Lye and No-Lye products. This resulted in n ¼ 5 for the control and treated groups in both the SRM hair and hair collected from authentic users.
Extraction of illicit drugs from hair
Ten to twenty-five milligrams of hair (control or treated) were accurately weighed into glass vials. Deuterated internal standards (COC-d 3 , BZE-d 3 , CE-d 3 , PCP-d 5 or THC-d 3 ) were added to the vials to give an 1:1 ratio of unlabeled and labeled samples. For extraction of COC, BZE, CE, PCP and their isotopic counterparts, 2 mL of 0.1 M HCl was added to each vial and the vials were kept at 458C for 24 h. The samples were neutralized with 1.0 M KOH to give a pH between 4 and 6. Extraction of the target analytes was achieved using Bond Elut Certify TM SPE cartridges according to the instructions provided by Varian for extraction of COC in urine. The SPE cartridges were placed in the vacuum elution manifold and conditioned by sequentially passing 2 mL of methanol followed by 2 mL of 100 mM phosphate buffer ( pH 6.0). After sample loading into the cartridge reservoir, the SPE cartridge was rinsed with 6 mL of deionized water followed by 3 mL of 1.0 M acetic acid and then dried completely for 5 min under high vacuum (50.8 kPa). Finally, the cartridge was rinsed with 6 mL of methanol. A rack of labeled tubes was placed in the manifold, and the target analytes were eluted with 2 mL of freshly prepared methylene chloride/isopropanol/ammonium hydroxide (78:20:2 volume fraction). The clear eluent was evaporated under nitrogen at 408C and transferred to reacti-vials with acetonitrile. The solution was evaporated to complete dryness again under nitrogen. The samples were derivatized with 100 mL of N, O-bis-(trimethylsilyl)acetamide (BSA) and reacted at 658C for 30 min. Samples were stored at room temperature until GC-MS analysis.
For THC and THC-d 3 extraction, 1 mL of 1.0 M NaOH was added to each vial and the vials were heated for 30 min at 958C. Once cooled, the samples were neutralized with glacial acetic acid to restore the pH between 4 and 5. Bond Elut Certify TM cartridges were placed in the vacuum manifold apparatus and conditioned sequentially with 2 mL of methanol and 2 mL of 0.05 M phosphoric acid. The samples were drawn slowly through the cartridge. After sample loading, the cartridges were rinsed with 9 mL of 0.05 M phosphoric acid and 3 mL of 0.05 M phosphoric acid/methanol (80:20 volume fraction). After complete drying under full vacuum (50.8 kPa) for 10 min, the cartridges were rinsed with 1 mL of hexane. Fifteen milliliter centrifuge tubes were placed in the manifold, and the target analyte was eluted using 1 mL of hexane/ethyl acetate (80:20 volume fraction). The eluent was evaporated under nitrogen at 408C and transferred to reacti-vials with acetonitrile. The solution was evaporated to complete dryness again under nitrogen. The samples were derivatized with 100 mL of BSA at 658C for 30 min. Samples were stored at room temperature until GC -MS analysis.
GC-MS parameters
The samples were analyzed using electron impact mass spectrometry in the selected ion monitoring mode performed on a Hewlett Packard (HP) 5973 A Mass Selective Detector (Agilent Technologies). The samples were introduced with an autosampler through an HP 5890 Series II gas chromatograph equipped with a splitless injector and a 30-m non-polar capillary column (DB-5 MS; J & W Scientific, Folsom, CA).
For PCP, COC and BZE, the injector temperature was 2208C and the transfer line was 2808C. The temperature program was set at 1508C initially, 1 min (hold time), 208C/min (heating rate), to 2308C, 58C/min (heating rate), to 2708C (final temperature) for a total time of 13 min. The electron multiplier voltage (EMV) was tune optimized voltage plus 953 V. Selected ion monitoring (SIM) was used to monitor, m/z 200 and 205 (PCP), beginning at 5 min; the second group, m/z 182 and 185 (COC), began at 8 min and the third group, m/z 240 and 243 (BZE) began at 8.7 min. For CE, all of the conditions were the same and analysis occurred sequentially following the previous set of analytes. The run time was still 13 min, and the ions monitored were m/z 196 and 199.
For THC, the injector temperature was 2008C and the detector was 3008C. The temperature program was 1508C (initial temperature), 1 min (hold time), 258C/min (heating rate), to 2508C, 58C/min (heating rate), to 2758C (final temperature) for a total time of 10 min. The EMV was tune optimized voltage plus 588 V. The ions monitored were m/z 386 and 389.
For all analytes, standards containing known ratios of unlabeled to labeled material were analyzed with the samples. Duplicate injections of the standards and samples were made. The measured ratios of each standard were subjected to linear regression analysis, and the least squares fit was then used to calculate the weight ratios for the samples from the measured intensity ratios.
Results
Sample reconstructed ion chromatograms of each of the target analytes and the corresponding deuterated internal standards are shown in Supplementary data, Figure S1 . In all cases, the linear regression lines obtained had an R 2 value of !0.99 and the lines were essentially the same from day to day (BZE: y ¼ 1.0207x þ 0.0104, R 2 ¼ 0.9991; PCP: y ¼ 1.1088x 2 0.0085, R 2 ¼ 0.9992; COC: y ¼ 1.0241x 2 0.0135, R 2 ¼ 0.9984; CE: y ¼ 1.0443x 2 0.0259, R 2 ¼ 0.9987 and THC: y ¼ 0.5848x 2 0.0188, R 2 ¼ 0.9908). Within each of the treated groups, coefficients of variation were slightly higher than desired (.10%). This variation is likely due to the inability to ensure a uniform application of the relaxer to all of the individual hairs. However, this fluctuation did not prohibit statistical analyses of the data.
After in vitro chemical straightening application to the drugfortified hairs (SRM 2379 and 2380), there was a drastic attenuation in drug concentration for all of the illicits studied (Table I and Supplementary data, Figure S2 ). Although the chemical straightening process did not completely eliminate all traces of the drug from the hair, there was a significant decrease (P , 0.05) in the measured concentration of all the analytes. Only 6 -67% of the drug substances could still be detected after chemically straightening the hair. In the drug-fortified hair samples, CE appeared to be most affected by the alkaline treatment followed by COC, BZE, PCP and THC, respectively.
Because the SRMs serve as a representative of drug concentrations found in hair after consumption of the illicit drug, it was beneficial to determine if a similar attenuation would occur in hair samples collected from confirmed drug users. During the round-robin study conducted at NIST, these hairs have previously tested positive for COC and its metabolites. Representative chromatograms from actual drug users' hair obtained during this study are presented in Supplementary data, Figure S3 . The results of the analyses are reported in Table II and Supplementary data, Figure S4 . Comparable to the results of the drug-fortified hair samples, the BZE, COC and CE (in the No-Lye group) levels found in the formerly positive hair fibers had a drastic and significant reduction (P , 0.05) in the measured illicit drug concentrations after a single chemical straightening treatment ( 5 -17% remaining). The CE concentration was also severely reduced in the Lye group; however, those results were not significant (P . 0.05) due to high variability.
In both the drug-fortified hair and the hair from genuine drug users, there was no significant (P . 0.05) difference observed in the percent remaining after the 'Lye' or 'No Lye' version of the treatment. This suggests that the degree of elimination of the drugs from hair fibers is not dependent on the type of alkaline agent found in the relaxer.
Discussion
Previous reports have suggested that the chemical straightening process alters the physico-chemical properties of the hair shaft (9, 10) . Our findings suggest that the strong alkaline nature of the treatment affects the stability of the drug in human hair. It is believed that this reduction is due to a leaching effect or decomposition/hydrolysis of the drug caused by the high pH cream. Statistical analysis employed random effect modeling to assess the effect of treating hairs with the chemical straightening products. A number of factors could influence how these data could be used to extrapolate an expected result in the general population. These could include race, gender, hair type, hair color, brand of chemical straightening products used and decontamination procedure used by the testing laboratory. To avoid false negatives, it is important to take these factors into consideration and discuss whether or not a test subject has underwent the chemical straightening process within a recent time period of the sampling and analysis.
Conclusion
The results of this study demonstrate that after a single application of a chemical straightening product, the measured illicit drug concentration can be drastically reduced. This may yield concentrations approaching or below the established SoHT cutoff levels, which could likely lead to false-negative results. It is possible that a drug abuser could intentionally apply such a cosmetic treatment to avoid any penalties associated with testing positive during hair analysis. It is important that the analyst conduct an in-depth inquiry about their cosmetic treatment history prior to performing the analysis.
Disclaimer
Certain commercial equipment, instruments and materials are identified in this paper to adequately specify the experimental procedure. Such identification does not imply recommendation or endorsement by NIST nor does it imply that the equipment, instruments or materials are necessarily the best available for the purpose.
